The present study was conducted to determine the efficacy of novel flavonoid vicenin-2 (VCN-2), an active constituent of the medicinal herb Ocimum Sanctum Linn or Tulsi, as a single agent and in combination with docetaxel (DTL) in carcinoma of prostate (CaP). VCN-2 effectively induced anti-proliferative, anti-angiogenic and pro-apoptotic effect in CaP cells (PC-3, DU-145 and LNCaP) irrespective of their androgen responsiveness or p53 status. VCN-2 inhibited EGFR/Akt/ mTOR/ p70S6K pathway along with decreasing c-Myc, cyclin D1, cyclin B1, CDK4, PCNA and hTERT in vitro. VCN-2 reached a level of 2.6 ± 0.3 micromol/L in serum after oral administration in mice which reflected that VCN-2 is orally absorbed. The i.v. administration of docetaxel (DTL), current drug of choice in androgen-independent CaP, is associated with dose-limiting toxicities like febrile neutropenia which has lead to characterization of alternate routes of administration and potential combinatorial regimens. In this regard, VCN-2 in combination with DTL synergistically inhibited the growth of prostate tumors in vivo with a greater decrease in the levels of AR, pIGF1R, pAkt, PCNA, cyclin D1, Ki67, CD31, and increase in E-cadherin. VCN-2 has been investigated for radioprotection and anti-inflammatory properties. This is the first study on the anti-cancer effects of VCN-2. In conclusion, our investigations collectively provide strong evidence that VCN-2 is effective against CaP progression along with indicating that VCN-2 and DTL co-administration is more effective than either of the single agents in androgen-independent prostate cancer.
1.Introduction
Carcinoma of prostate (CaP) is one of the leading causes of male cancer deaths ranking only next to lung cancer in United States. The fact that 1 in 3 men develop prostatic intraepithelial neoplasia (PIN), an early event in the malignant transformation of prostate, and that 1 in 6 men develop CaP reflects the associated life-time risk for CaP. According to the latest available 1973-2008 surveillance data from national cancer institute (NCI), CaP is a highly incident malignancy in men with 2,276,112 prevalent cases and approximately 217,730 new CaP cases in the year 2010 [1] . The characteristic feature of incident tumors within the prostate is the "multifocality" and different clinical grades or "heterogeneity" [2] . This distinct feature of CaP translates every single clinical case into a set of prostate tumors with varying molecular complexity which in turn contributes to distinct invasive and metastatic properties [3] [4] [5] .
The pathogenesis of CaP is marked by the initial onset of precancerous PIN followed by loss of basal lamina and transformation to locally invasive carcinoma which further progresses to metastatic CaP [6] . The activation of C-Myc and loss of tumor suppressor PTEN are two established and predominant genetic factors in the primary pathogenesis of CaP while concomitant loss of Rb and p53 are known to enhance the incidence of CaP [7] [8] [9] . The activation of growth factor cascades like EGFR and its downstream Akt and mTOR signaling plays a vital role in transducing the oncogene activated mitogenic and survival signals. The progression of CaP to androgen independence is associated with activation of IGF-1R, over-expression of anti-apoptotic proteins like Bcl2 along with loss of tumor suppressor E-cadherin [10] [11] [12] . Given the elderly age group affected by CaP, the potential candidate chemopreventive compounds need to be safe for consumption till later years of life and should effectively target the critical nodes of signaling networks of particular relevance to the pathogenesis and progression of CaP.
"Ocimum Sanctum Linn (OSL; family: Lamiaceae)" also known as "Holy basil" and "Tulsi", is an extensively cultivated Indian herb which is known for its medicinal properties in the Indian subcontinent with a safe record of human consumption from thousands of years [13] . OSL constituents have been known for their anti-oxidant, anti-inflammatory and antidiabetic properties [13, 14] . Oxidative stress is a well established cause in the initiation and progression of cancers [15] . Anti-oxidant and anti-inflammatory compounds like cyclooxygenase-2 inhibitors, natural compounds like silibinin and other flavonoids are being intensely investigated for prostate cancer interventions [16, 17] . OSL has been investigated for its chemopreventive properties in DMBA induced oral cancer [18] .
Currently, Docetaxel (DTL) is administered i.v. at a dose of 60-100 mg/m 2 once every three weeks in clinical practice. The dose-limiting adverse effect of DTL is febrile neutropenia and associated myelotoxicity [19] . Even anemia and non-febrile neutropenia, which result in approximately 41% and 67% of cases of DTL administration can severely affect the quality of life and consequent survival in elderly patients, given that many CaP patients have extensive comorbidities like diabetes mellitus and age related decline in immune function. Myelotoxicity or bone marrow toxicity results in direct and high level of exposure to bolus dose of DTL which is typical with i.v. route of administration. Though, some of the previous studies focused on trying to switch from three week to weekly doses with moderate dosage reduction, still the adverse effects were substantial like hyperlacrimation, skin-and nailtoxicity and negatively affects quality of life [19] . Repeated oral administration of drug leads to maintenance of steady state levels of drug with relatively less chances of high dose exposure typical of single high i.v. dose of DTL. Many investigations have focused on the combinatorial therapies, but few studies have been carried out on alternate routes of administration of DTL [19] [20] [21] [22] . In this regard, we first tested the anti-cancer potential of Vicenin-2 (VCN-2), an active constituent of OSL, in CaP followed by investigating the impact of VCN-2 alone and in combination with DTL in vivo mice xenograft models of CaP by oral gavage. Our studies provided strong evidence to the tumor selective antiproliferative, anti-angiogenic, pro-apoptotic and anti-metastatic properties of VCN-2 and its synergistic inhibitory effect with DTL along with elucidating differential regulation of significant signaling proteins that mediate critical nodes of transformation, maintenance of limitless replicative potential, androgen-dependent progression of primary CaP as well as emergence of androgen-independent CaP.
Materials and Methods

Reagents
MTT and luteolin (purity >98%) were obtained from Sigma (St Louis, MO). Vicenin-2 and orientin (purity >98% by HPLC; solubility in DMSO) were purchased from Quality Photochemical, Edison, NJ. For in vitro studies, VCN-2 stock solution was prepared in DMSO, and further diluted into medium as a working solution (final concentration of DMSO in the experiment is < 0.001%). For in vivo studies, VCN-2 powder was suspended into corn oil for oral feeding by gavage. Docetaxel was in saline, provided by Dr. Sanjay Awasthi, M.D., Medical Oncologist and Professor, Texas Cancer Center, Medical Center of Arlington, Arlington, TX. PARP, Bcl2, Bax, fibronectin, E-cadherin, cyclin B1, cyclin D1, CDK4, PCNA, hTERT, EGFR, pEGFR (Y 1068 ), Akt, pAkt (S 473 ), GAPDH, P70S6K, p-P70S6K (S 240-244 ), C-Myc, Rb, pRb (S 780 ), p53, p21, β-actin, Ki67, CD31, IGF-1R, and pIGF-1R (Y 1131 ) antibodies were purchased from Santa Cruz Biotechnology (Columbus, OH), Upstate Cell Signaling (Lake Placid, NY), and Cell Signaling Technologies (Danvers, MA). ELISA kit for VEGF-expression was procured from R&D Systems (Minneapolis, MN). APO LOGIX™ carboxyfluorescein (FAM) caspase detection kit was purchased from Cell Technology (Minneapolis, MN). Matrigel was procured from BD Biosciences (San Jose, CA). TUNEL fluorescence and avidin/biotin complex (ABC) detection kits were purchased from Promega (Madison, WI) and Vector (Burlingame, CA), respectively.
Cell Lines and Cultures
Human prostate carcinoma LNCaP (androgen-dependent), PC-3 & DU-145 (androgenindependent) cell lines were purchased from the American Type Culture Collection (ATCC, Manassas, VA) in April 2009. The authentication of cell lines was done by analyzing fifteen different human short tandem repeat (STR) (done by Center for Investigative Genetics core facility at UNTHSC, Fort Worth, TX) to test for interspecies contamination. The cell lines were last tested in December 2010. The normal human prostate epithelial cells (PREC) were a kind gift from Prof Sanjay Gupta (Case Western Reserve University, Cleveland, OH). All cells, except PREC, were cultured at 37 °C in a humidified atmosphere of 5 % CO 2 in RPMI-1640 medium supplemented with 10 % FBS and 1% P/S solution. PREC cells were maintained in K-SFM medium with supplementation provided by the vendor (Invitrogen, Carlsbad, CA). All the cells were also tested for Mycoplasma once every 3 months.
Colony forming assay
Cell survival was evaluated using a standard colony-forming assay. 1×10 5 cells / ml were incubated with VCN-2 (50 μM) for 24 h, and aliquots of 50 or 100 μl were added to 60-mm size Petri dishes containing 4 ml culture medium. After 10 days, adherent colonies were fixed, stained with 0.5% methylene blue for 30 min and counted using the Innotech AlphaImager HP [23] .
In situ caspase-3 cleavage assay
Detection of active caspase-3 in live cell cultures was performed using an APO LOGIX™ carboxyfluorescein (FAM) caspase detection kit (Cell Technology). The kit detects active caspase-3 in living cells through FAM-labeled DEVD fluoromethyl ketone (FMK), which irreversibly binds to active caspase-3. The inhibitor is cell permeable and noncytotoxic. The assay was performed according to manufacturer's instructions [24] .
Apoptosis assays
For apoptosis assays, 1×10 5 cells were grown on the cover-slips for ~12 h followed by treatment with VCN-2 (50 μM) for 24 h. For annexin V staining, after VCN-2 treatment, cells were washed with ice-cold PBS, treated with 100 μl of annexin-binding buffer (10 mM HEPES, 140 mM NaCl and 2.5 mM CaCl 2 , pH 7.4) containing 10 μl of annexin V conjugate and incubated for 15 min at room temperature. The cells were washed with the annexinbinding buffer and mounted on the slide. Fluorescence micrographs were taken using Zeiss LSM 510 META (Germany) laser-scanning fluorescence microscope at 400 x magnifications [25] . In TUNEL assay, apoptosis was determined by the labeling of DNA fragments with terminal deoxynucleotidyl-transferase dUTP nick-end labeling (TUNEL) using Promega fluorescence apoptosis detection system. Slides were analyzed under a fluorescence microscope using a standard fluorescein filter set to view the green fluorescence at 520 nm and red fluorescence of propidium iodide at >620 nm [26] . For Hoechst staining, the cover-slips were fixed in 95% alcohol for 15 min and incubated in a Hoechst 33342 staining solution (3 μl of 10 mg/ml) in 10 ml PBS for 20 min. The stained cells were examined under a fluorescence microscope for chromatin aggregation which is a hallmark of apoptosis [27] .
Aortic ring assay
Aortic ring assay was performed as described by Yi et al [28] . Aortas were dissected from mice and were cut into ~1.5-mm-long rings and rinsed with endothelial cell-based medium. The 48-well plates were initially covered with 100 μL of Matrigel at 4°C and then incubated at 37°C at 5% CO 2 for 30 min. The aortic rings were placed on the Matrigel in the 48-well plates and covered with additional 100 μL of Matrigel. The aortic artery rings were cultured in 1.5 mL of ECGM without serum for 24 h, and then the medium was replaced with 1.5 mL of ECGM with or without 50 μM of VCN-2. The medium was changed on 2 nd day. On 4 th day after starting treatment, the micro-vessel growth was quantified by taking photographs with Olympus Provis AX70 microscope.
In vitro migration assay
Cell migration was determined using a wound healing assay. 2×10 4 LNCaP and PC-3 cells were seeded in 6-well plates to reach 100% confluence within 24 h and then treated with 10 μM mitomycin C for 2 h. Subsequently, a similarly sized scratch was made with a 200 μL pipette tip across the center of each well and immediately imaged at baseline and then at 24 h in control and VCN-2 treated groups by using an Olympus Provis AX70 microscope. The rate of cell migration was determined by comparing the sizes of scratch area using Image J software.
Flow cytometry analysis of cell cycle regulation
2 × 10 5 cells were treated with VCN-2 (50 μM) for 18 h at 37 °C. After treatment, floating and adherent cells were collected, washed with PBS, and fixed with 70 % ethanol. On the day of flow analysis, cell suspensions were centrifuged; counted and same numbers of cells were resuspended in 500 μl PBS in flow cytometry tubes. Cells were then incubated with 2.5 μl of RNase (stock 20 mg/ml) at 37 °C for 30 min after which they were treated with 10 μl of propidium iodide (stock 1mg/ml) solution and then incubated at room temperature for 30 min in the dark. The stained cells were analyzed using the Beckman Coulter Cytomics FC500, Flow Cytometry Analyzer. Results were processed using CXP2.2 analysis software from Beckman Coulter.
Ingenuity Pathway Analysis (IPA)
The IPA was performed using Uniprot/swiss prot IDs of proteins and ratios obtained from the densitometric analyses of Western-blots after VCN-2 treatment using the IPA (Ingenuity Systems, Redwood City, CA) to elucidate differential regulation of signaling pathways and networks.
In vivo xenograft studies
Hsd: Athymic nude nu/nu mice were obtained from Harlan, Indianapolis, IN. All animal experiments were carried out in accordance with and approved by University of North Texas Health Science Center (UNTHSC) Institutional Animal Care and Use Committee (IACUC) approved protocol. Twenty11-weeks-old mice were divided into four groups of 5 animals [(For treatment with (i) corn oil (vehicle), (ii) vicenin-2 (1 mg/kg b.w.), (iii) docetaxel (0.01mg/kg b.w.), and (iv) vicenin-2 + docetaxel]. All 20 animals were injected with 2 × 10 6 prostate cancer cells (PC3) suspensions in 100 μl of PBS, subcutaneously into one flank of each nu/nu nude mouse. At the same time, animals were randomized treatment groups as indicated in the figures (Fig 5 and Supplementary Fig 2) . Treatment was started 10 days after the PC3 cells implantation to see palpable tumor growth. Treatment consisted of vicenin-2 (1 mg/kg b.w.) or docetaxel (0.01 mg/kg b.w.) or both vicenin-2 and docetaxel, in 100 μl corn oil by oral gavage alternate day. Control groups were treated with 100 μl corn oil by oral gavage alternate day. Animals were examined daily for signs of tumor growth. Tumors were measured in two dimensions using calipers. Photographs of animals were taken at day 1, day 10, day 20, day 40, and day 60 after subcutaneous injection, are shown for all groups. Photographs of tumors were also taken at day 60.
Histopathological examination of tumors for angiogenic, proliferative and differentiation markers
Tumors from PC3 mice xenografts (control and VCN-2 treated) were harvested on day 60. Tumor samples fixed in buffered formalin for 12 h were processed conventionally for paraffin-embedded tumor sections (5 μm thick). Hematoxylin and Eosin (H&E) staining was performed on paraffin-embedded tumor sections. Histopathologic analyses with anti-Ecadherin, anti-CD31 and anti-Ki67 IgG were also performed, using Universal ABC detection kit (Vector). The sections were examined under Olympus Provis AX70 microscope connected to a Nikon camera.
HPLC analysis of VCN-2 in serum
Mice (n=3) were administered either 0.1 ml corn oil or 25 μg VCN-2/mice (1 mg/kg b.w.) by oral gavage on alternate days for 8 weeks. On the last day, blood was collected within 1 h after final dosage. The 100 μl of serum was subjected to protein precipitation using 200 μl of methanol and vortexed for 1 min. The sample was centrifuged at 13300 rpm for 15 min at 4°C and the clear supernatant was lyophilized and dissolved in 200 μl of methanol: 0.2% phosphoric acid buffer (58:42 v/v). The 25 μl of sample was subjected to HPLC analysis using C 18 column at wavelength of 295 nm on Agilent 1100 system with auto injector (Agilent Technologies, CA). The mobile phase consisted of acetonitrile (ACN) and water at a flow rate of 1.0 ml/min with following gradient: 0-1 min: ACN-10%, H 2 O-90% ; 1-2 min: gradually increasing to ACN-20%, H 2 O-80% ; 2-14 min: gradually changing to ACN-90%, H 2 O-10% ; 14-16 min: ACN-10%, H 2 O-90%.
Statistical Analyses
Each experiment was repeated at least twice to ensure reproducibility of the results. All data were evaluated with a two-tailed unpaired student's t test are expressed as the mean ± SD. Changes in tumor size and body weight during the course of the experiments were visualized by scatter plot. The statistical significance of differences between control and treatment groups was determined by ANOVA followed by multiple comparison tests. Differences were considered statistically significant when the P value was less than 0.05. Synergism, additive effects, or antagonism were assessed by the Chou-Talalay method. In this method, CI was used to express synergism (CI less than 1), an additive effect (CI equal to 1) or antagonism (CI greater than 1).
Results
Anti-proliferative and pro-apoptotic effect of VCN-2 in CaP
We performed preliminary screening of the OSL flavonoids, VCN-2 and orientin, along with luteolin, a common flavonoid being investigated for potential CaP targeted interventions [29, 30] . VCN-2 was effective in decreasing the survival of both androgen-dependent and androgen-independent CaP sparing normal PREC cells {[IC 50 Table 1 ). VCN-2 was more potent in inhibiting the clonogenic potential of CaP in colony forming assay when compared to luteolin and orientin without affecting the normal PREC cells (Fig 1A) . We next investigated the detailed mechanisms of action of VCN-2 in LNCaP and PC3 cells following determination of the IC 50 values at 24 h [IC 50 24h: LNCaP: 112±8 μM, PC3: 70±5 μM]. For further experiments, we used 50 μM of VCN-2 for 24 h treatment in both the cell lines as cell death should be minimal for mechanistic and imaging studies focused on early cellular events that contribute to eventual cytotoxicity at 72 h. The VCN-2 treatment increased caspase-3 cleavage as determined by in situ caspase-3 cleavage assay (Fig 1B: green fluorescence indicates cleaved caspase-3) . Also, VCN-2 treatment induced apoptosis as determined by annexin V staining (flipping of cell membrane), TUNEL apoptotic assay (DNA fragmentation induced due to apoptosis) and Hoechst staining (chromatin clumping that marks the death of cells) (Fig 1C) . The cytotoxicity of VCN-2 in CaP sparing normal PREC cells in MTT, clonogenic survival and apoptotic assays revealed that VCN-2 is a potential flavonoid that could have significant therapeutic relevance in targeting CaP.
VCN-2 treatment inhibits angiogenesis, migration and induces G2/M arrest
Tumors have enhanced rate of vascularization compared to surrounding normal tissues due to adaptations in tumor signaling pathways and angiogenesis has been a vital focus of developing novel agents for prostate cancer interventions [31] . Hence, we tested the impact of VCN-2 on angiogenesis in vitro aortic ring assay [28] . VCN-2 treatment inhibited the neo-vascular network formation around mice aorta cultured in Matrigels (Fig 2A) . VCN-2 treatment caused significant reduction in the levels of VEGF-expression (Fig 2B, *p<0 .001). VCN-2 also inhibited the migration of CaP cells in vitro wound healing assay (Fig 2C) . The anti-proliferative effect of VCN-2 was further examined by cell cycle FACS analysis. VCN-2 treatment caused G2/M phase arrest in both androgen-dependent and androgenindependent CaP cells (~51% cells accumulated in G2 phase) (Fig 2D). 
VCN-2 induces apoptosis and inhibits EGFR/Akt/mTOR/ p70S6K pathway
The VCN-2 treatment enhanced the PARP-cleavage along with decreasing the levels of fibronectin, anti-apoptotic Bcl2 expression and increasing the pro-apoptotic Bax and tumor suppressor E-cadherin expression (Fig 3A) . EGFR and PI3K/Akt/mTOR activation has been implicated in prostate cancer progression and metastasis [32, 33] . VCN-2 treatment attenuated the activation of EGFR which was predominant in androgen-dependent LNCaP cells compared to androgen-independent PC3 cells. VCN-2 decreased the pAkt (S 473 ) levels in both the CaP cells. VCN-2 caused significant decrease in the activation of the mTOR signal transducer pP70S6K (S 240-244 ) (Fig 3B) .
VCN-2 treatment also caused decrease in the levels of cyclin B1, cyclin D1 and CDK4. CDK4, though usually associated with G1 transition, has been also studied for its regulatory role in G2/M transition. Over-expression of dominant negative CDK4 leads to arrest of G2 phase progression [34] . Some of the active and natural anti-cancer compounds like apigenin and thiomersal also cause inhibition of CDK4 and cyclin B1 while causing G2/M phase arrest [35, 36] . VCN-2 also decreased the levels of proliferating cell nuclear antigen (PCNA) and human telomerase reverse transcriptase (hTERT) (Fig 3C) . PTEN expression was undetectable in PC3 cells which have homozygous deletion of PTEN [37] . During proliferation of cells, phosphorylation of Rb is known to cause its functional inactivation [38, 39] . VCN-2 caused decrease in the levels of pRb (S 780 ) compared to controls which in turn would facilitate its tumor suppressor function. VCN-2 increased the levels of p53 expression in LNCaP cells and enhanced p21 levels in both LNCaP and PC3 cells. Regulation of p21 can be p53-dependent and p53-independent [40] . The p21 protein regulation is mediated by both p53 and C-Myc where p53 positively regulates p21 and CMyc negatively regulates p21 transcription [40, 41] . The down-regulation of c-Myc by VCN-2 treatment would explain the up-regulation of p21 in the p53-null PC3 cells [41] (Fig  3D) .
We next performed signaling network analysis by employing the bioinformatic software "Ingenuity pathway analysis" (IPA) using the ratios obtained from the average of densitometric values from Western-blot analyses. IPA analysis revealed that VCN-2 significantly regulates the network of cancer and cell development (Supplementary Fig 1) . The major activating signaling nodes in the interconnected network are down-regulated by VCN-2 (green) where as major tumor inhibitory signaling nodes like p21 or cyclindependent kinase inhibitor 1A (CDKN1A) are up-regulated by VCN-2 (red). Thus, the impact of VCN-2 on different signaling proteins does not merely indicate diffuse anti-cancer signaling effects at individual protein levels, but represents a collective inhibitory effect at a higher network level. The coherent inhibition of a vital cancer network represents a much stronger anti-tumor potential of a candidate drug than only regulating few single proteins of different networks in general. The IPA analysis also revealed the statistically significant impact of VCN-2 on major pathways including prostate cancer signaling, cell morphology, aryl hydrocarbon receptor signaling along with connective tissue development and function which regulates cellular homing and migration (supplementary Fig 1) .
The oral administration of DTL, the current drug of choice in the management of advanced androgen-independent CaP, is associated with dose-limiting complications and emergence of resistance over time [19, 42] . In this regard, given the ability to VCN-2 to affect cell cycle progression and its ability to regulate key cancer signaling network, we further tested the impact of VCN-2 and DTL co-treatment in vitro on the survival and colony-forming ability of CaP cells.
VCN-2 and DTL induce synergistic inhibitory effect in CaP
We first performed DTL cytotoxicity by MTT assay [IC 50 at 72h: androgen-dependent CaP (LNCaP): 21±3 nM, androgen-independent CaP (PC3 and DU145): 33±4 nM]. Based on the cytotoxicity of VCN-2 and DTL, we further tested the effect of co-treatment of VCN-2 and DTL at lower cytotoxic concentrations of each of the drugs so that the degree of increase in cytotoxicity due to co-administration of both agents can be well characterized. VCN-2 and DTL co-treatment had a synergistic impact in causing significant decrease in the survival of CaP cells (CI<1, Chou-Talalay test, p<0.001, Fig 4A) . VCN-2 and DTL induced synergistic inhibition of the clonogenic potential of CaP cells in colony-forming assay (CI<1, Chou-Talalay test, p<0.004, Fig 4B) . The progression of CaP after medical or surgical castration is mediated by both androgen-dependent and androgen-independent signaling mechanisms like increase in the expression of androgen receptor (AR) and activation of alternate signaling pathways like insulin growth factor 1 receptor (IGF-1R) [10, 43] . Hence, we investigated the effect of VCN-2 alone and in combination with DTL on AR in AR expressing LNCaP cells as PC3 cells do not express AR. Our results revealed that VCN-2 alone causes down-regulation of AR and potentiates the DTL-induced decrease in AR levels (Fig 4C: lane 11 vs. lanes 2 and 6) . We further sought to characterize the effect of VCN-2 on regulating IGF-1R signaling which can provide additional rationale for the use of VCN-2 in androgen-independent PC3 cells [10, 44] . VCN-2 effectively down-regulated both the constitutive and IGF1 induced activation of IGF-1R (Y 1131 ) and downstream pAkt (S 473 ). Thus, the inhibition of pIGF1R (Y 1131 ) represents an important mechanism of action of VCN-2 contributing to its anti-cancer effects in androgen-independent CaP cells ( Fig  4D) .
The results from in vitro studies provided strong evidence and mechanistic rationale for the synergistic inhibitory effect of VCN-2 and DTL in CaP cells. DTL is an anti-mitotic taxane that is administered i.v. once in three weeks on a ten cycle regimen along with 5 mg of prednisone twice daily in androgen-independent CaP [45] . Hence, we performed in vivo mice xenograft studies withVCN-2 and DTL by oral route of administration on alternate days.
The effect of VCN-2 alone and in combination with DTL on tumor regression in vivo mice xenografts
VCN-2 administration on alternated days by oral gavage induced potent regression of tumors in vivo whereas uncontrolled growth was observed in the animals treated with vehicle (corn oil) only. At day 60, tumor cross-sectional area and tumor-weight of mice bearing PC3 cells was significantly lower in VCN-2 (1 mg/kg equivalent to 0.0001% w/w) treated group as compared to the vehicle treated group (54.5 ± 6 mm 2 vs. 128 ± 11 mm 2 ; p<0.001 and 0.89 ± 0.11 g vs. 1.85 ± 0.24 g; p<0.01, respectively; n=5). In parallel, at day 60, tumor cross-sectional area and tumor-weight of mice bearing PC3 cells was significantly lower in DTL (0.01 mg/kg equivalent to 0.000001% w/w) treated group as compared to the vehicle treated group (43.6 ± 6 mm 2 vs. 128 ± 11 mm 2 ; p<0.001 and 0.75 ± 0.12 g vs. 1.85 ± 0.24 g; p<0.001, respectively; n=5). The combination of VCN-2 (1 mg/kg) and DTL (0.01 mg/kg) induced synergistic effect with significant tumor regression and reduction in tumorweight as compared to the vehicle treated group [25.8 ± 3 mm 2 vs. 128 ± 11 mm 2 and 0.17 ± 0.03g vs. 1.85 ± 0.24 g; respectively, CI <1 (Chou-Talalay test), p<0.001, n=5]. Alternate day oral administration of DTL along with VCN-2 was highly effective and tolerable without any overt toxicity (Fig 5 and supplementary Fig 2) .
Impact of VCN-2 and DTL on the tumor signaling proteins
The histopathological examination of paraffin-embedded tumor xenograft sections by H&E staining revealed that VCN-2 reduces the number of tumor blood vessels and restores the normal morphology when compared to controls (Fig 6A) . VCN-2 alone decreased the levels of proliferation marker, Ki67 and angiogenesis marker, CD31 which was further decreased by co-administration of VCN-2 and DTL [46] . VCN-2 alone and in combination with DTL, up-regulated the expression of E-cadherin. E-cadherin is a suppressor of invasion and growth of many cancers because of its role in the inhibition of epithelial-mesenchymal transition (EMT) and promoting normal differentiation [47, 48] . E-cadherin is frequently down-regulated during prostate cancer progression and correlates with poor prognosis [12, 49] . In this regard, enhanced over-expression of E-cadherin consequent to VCN-2 and DTL treatment represents a highly significant and novel mechanism of action that contributes to normal differentiation of prostate tumors in the treated groups (Fig 6A) .
Following in vivo tumor regression and histopathological analysis, we further analyzed the effect of VCN-2 alone and in combination with DTL on critical signaling nodes of importance in prostate cancer by Western-blot analysis of tumor tissue lysates. The PARPcleavage, a marker of apoptosis, was evident in VCN-2 treated groups which was further enhanced with DTL co-administration. VCN-2 decreased pAkt, pRb, PCNA, cyclin D1, fibronectin, IGF-1R levels which were further down-regulated with VCN-2 and DTL combinatorial treatment. The activation of E-cadherin expression consequent to VCN-2 and DTL treatment as revealed by initial histopathological examination of tumor sections was also validated by Western-blot analysis (Fig 6B). 
VCN-2 concentration in mice serum after oral administration
Following mice xenograft studies, we next determined the levels of VCN-2 in serum after oral dosage. The extent of absorption of VCN-2 was studied by analyzing the serum samples of mice treated with 25 μg/mice (1 mg/kg b.w.) of VCN-2 on alternate days for 8 weeks by reversed-phase HPLC. VCN-2 was effectively absorbed after oral dosage reaching a concentration of 2.6 ± 0.3 μmol/L in serum as determined by HPLC analysis. We only identified the VCN-2 but not the metabolites of VCN-2. Many flavonoids are metabolized rapidly after oral administration and thus the detectable free forms of the drug in serum are minimal. In this regard, our studies provide "proof-of-concept" evidence that orally administered VCN-2 is absorbed in to the serum. The further detailed studies on short term and long term absorption, distribution, metabolism and excretion (ADME) pharmacokinetics of VCN-2 and its metabolites when administered alone as well as in combination with DTL is being currently underway in our laboratory.
Discussion
In spite of rapid advances in translational research, the management of CaP is still associated with substantial challenges considering the molecular complexity of primary pathogenesis and recurrence of refractory androgen-independent CaP following initial hormonal therapy [50] . The advanced and metastatic CaP is still a major clinical challenge which is associated with a poor 5 year survival rate of 30.2%. The incidence/mortality rate of CaP is substantially high at 8.1 which translate in to that CaP is the cause of death in approximately 1 in 8 affected men [1] . Hence, the characterization of novel anti-cancer agents is of potential relevance to address contemporary challenges in the management of CaP.
The VCN-2 treatment was effective in inhibiting proliferation and migration of both androgen-dependent and androgen-independent CaP. VCN-2 alone down-regulated AR, CMyc, pIGF-1R, fibronectin, mTOR signal transducer pP70S6K, hTERT, pRb, Bcl2, PCNA, cell cycle regulators like cyclin B1 and cyclin D1 levels while increasing pro-apoptotic Bax, tumor suppressors like p53 and E-cadherin which are of specific relevance to both primary pathogenesis and emergence of androgen-independent CaP (6-12). Importantly, VCN-2 inhibited IGF1/IGF1R pathway which is important for androgen-independent CaP survival and progression [10] . Mice xenograft studies confirmed that oral administration of VCN-2 is effective in causing tumor regression along with inducing anti-tumor signaling as observed in vitro studies. VCN-2 alone induced potent anti-angiogenic effect which was confirmed by both in vitro aortic ring assay and histopathological examination of resected tumors from in vivo mice xenograft studies.
DTL is the FDA approved drug of choice in the management of metastatic androgenindependent CaP and has contributed to improved survival and quality of life in patients suffering with metastatic CaP. The i.v. administration of DTL is associated with substantial toxicities as single dose administration of DTL, an anti-mitotic taxane, is associated with adverse effects arising from direct exposure to rapidly dividing cells in bone marrow which in turn results in febrile neutropenia and anemia [19] [20] [21] [22] . Generally, oral DTL administration alone leads to less bioavailability compared to i.v. administration. Our in vitro studies initially revealed synergistic effect due to VCN-2 and DTL. Hence, for in vivo studies, given the current focus of developmental therapeutics research on alternate routes of DTL administration, we focused on oral route of DTL which turned out to be effective. The oral DTL and VCN-2 administration induced potent synergistic effect which was characterized by significant decrease in AR, pIGF-1R and pAkt levels among effects on other signaling cascades as revealed by our studies. The salient feature of this study was the potent synergistic effect of VCN-2 and a low dose of DTL (0.03 mg/m 2 of DTL and 3 mg/m 2 of VCN-2 orally on alternate days compared to clinical dose in metastatic androgenindependent CaP: 75 mg/m 2 of DTL i.v. once in 3 wks. plus 5 mg prednisone twice daily) which strongly supports further development of VCN-2 and DTL combinatorial regimens for clinical use in aggressive cases of androgen-independent CaP. Flavonoids can modulate the drug action by multiple mechanisms like influencing intestinal absorption, altering rate and nature of metabolism, biodistribution of the drug and most importantly impacting parallel signaling networks in targeted cancers when co-administered with chemotherapy drugs resulting in additive, antagonistic or synergistic effects. Further detailed pharmacokinetic studies would reveal the extensive mechanisms that contribute to differences in absorption and metabolism of VCN-2 and DTL that could be complementing to observed effects on tumor signaling effects as revealed by our current studies.
Our in vivo mice xenograft studies further accommodated the desired criteria of altered route of administration of DTL by using oral gavage during DTL and VCN-2 co-administration. The results from in vivo studies revealed that oral administration of DTL and VCN-2 is effective and tolerable along with providing corroborative evidence to the synergistic antitumor effects as observed by initial in vitro studies. The VCN-2 and DTL co-administration caused greater decrease in the levels of proliferation marker, Ki67 and angiogenic marker, CD31 while increasing the tumor suppressor E-cadherin expression to a greater extent than either of the agents alone. VCN-2 and DTL enhanced the levels of total Rb while decreasing the levels of functionally inactive of pRb (S 780 ) more effectively. The further mechanistic evidence for the synergistic effect of VCN-2 and DTL combination was provided by the enhanced inhibition of critical signaling proteins like pAkt (S 473 ), pIGF-1R, PCNA, cyclin D1 and fibronectin following co-administration than as single agents.
In summary, our results revealed the ability of novel flavonoid VCN-2 to recalibrate cellular oncogenic, tumor suppressor and differentiation signaling cascades to induce multi-specific anti-cancer effects of specific relevance to the critical nodes of pathogenesis of CaP which collectively provide strong rationale for further studies on developing VCN-2 for prostate cancer interventions. The results from this preclinical study which provide both in vitro and in vivo evidence to the synergistic tumor regression due to oral DTL and VCN-2 combination have unveiled a potential DTL combinatorial regimen for further clinical development towards the management of metastatic androgen-independent carcinoma of prostate.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Colony-forming assay was performed and the colonies were counted using Innotech Alpha Imager HP [23] . * p < 0.001 compared with control (panel A). For in-situ caspase-cleavage assay, the cells were grown on cover-slips and treated with 50 μM VCN-2 for 24 h and caspase-cleavage was measured using APO LOGIX™ carboxyfluorescein (FAM) caspase detection kit. Activated Caspase-positive cells appeared fluorescing green and pink when co-stained with DAPI (panel B). For detection of early and late events of apoptosis, Annexin V staining, TUNEL apoptotic assay and Hoechst staining were performed as described in Methods. Fluorescence was examined using Zeiss LSM 510 META laserscanning fluorescence microscope. Apoptotic cells are green in Annexin V staining (membrane flipping), in TUNEL assay (DNA breaks revealed by end labeling), green fluorescence represents apoptotic cells, whereas blue in Hoechst staining (chromatin clumping) (panel C). The nu/nu nude mice were injected with 2 × 10 6 PC3 cells suspensions in 100 μl of PBS, subcutaneously into one flank and divided in to four groups. Treatment consisted of corn oil (control), VCN-2 (1 mg/kg b.w.), DTL (0.01 mg/kg b.w.), and both, VCN-2 and DTL, in 100 μl by oral gavage alternate day. Experimental details are given in the Methods section. Animals were examined daily for signs of tumor growth and body weights were recorded (panel A). Photographs of animals were taken at day 1, day 10, day 20, day 40, and day 60 after subcutaneous injection, are shown for all groups (supplementary data). Weights and photographs of tumors were also taken at day 60. * P < 0.001 for VCN-2 and DTL coadministration when compared to control as well as either of the single drug treatment (panel B). Tumors were measured in two dimensions using calipers and time-course analysis of tumor regression was performed during the study (panel C). 
